Tetraploid loaches have been discovered amongst specimens recovered from fish markets in Japan. These tetraploids can be used as a source of diploid gametes to assist the further expansion of ploidy manipulation. Here, we produced a first generation neo-tetraploid strain by fertilizing eggs from a normal diploid female with diploid spermatozoa from a natural tetraploid male, followed five minutes later by heat shock (42°C, 2 min duration) to inhibit release of the second polar body. Diploid spermatozoa from the neo-tetraploid males produced were then used to create androgenetic diploid progeny by fertilizing UV-irradiated eggs from a normal diploid female.
Introduction
Tetraploid strains are important as a source of diploid gametes, which can be used to assist the further expansion of ploidy manipulation (Arai, 2001) . Using diploid gametes, sterile triploids and second generation tetraploid strains can be easily produced by simple cross-breeding.
In Japan, the Nagano prefectural hatchery maintains artificially induced tetraploid rainbow trout
Oncorhynchus mykiss strains by cross-breeding, and uses them for the commercial production of "Shinsyu Salmon" (allotriploid hybrids formed from tetraploid rainbow trout female and diploid brown trout Salmo trutta male) (Kohara and Denda, 2008) . However, it is difficult to induce sufficient numbers of healthy tetraploid fish by inhibiting first cleavage following fertilization because of extremely low survival during embryogenesis. Poor survival rates appear to be due to side-effects of the manipulation strategies used, which presumably induce cell division without nuclear division (anuclear division), aneuploidy, and mosaicism comprising anuclear cells, macro-and micro-meres (Sakao et al., 2003) . In masu salmon, O. masou, artificially induced tetraploid larvae frequently exhibited high mortality, even following hatching. This was reported to be caused by poorly developed vascular systems (Sakao et al., 2006) . Resultant tetraploid fish were also reported to exhibit reduced survival and growth when compared with normal diploid strains in salmonids (Chourrout et al., 1986) . The unexpected production of non-diploid gametes is another significant problem. In the mud loach, Misgurnus mizolepis, relatively small numbers of mature tetraploids were reported to spawn diploid gametes, whilst other tetraploids generated haploid gametes (Nam and Kim, 2004) .
In nature, spontaneous tetraploid variants are considered to be another source of diploid gametes for manipulation, but such intra-specific variation is generally rare among teleosts. In the loach, Misgurnus anguillicaudatus, however, tetraploid individuals possessing 100 chromosomes have been found in specimens obtained from the commercial fish market, although most loach individuals are bisexually reproducing 2n diploids (i.e., 50 chromosomes) in wild populations in Japan (Arai et al., 1991a; Ojima and Takai, 1979) . Although the original locality of such natural tetraploids has yet to be identified, these fish are thought to be Chinese loaches that might have been imported as food material and fishing bait, especially since tetraploid loaches can be found in central China (Li et al., 2008) . Furthermore, no natural tetraploid individual has been discovered following careful and intensive screening of samples from Japanese populations (Arai, 2003; Zhang and Arai, 1999a) . These natural tetraploid loaches are regarded as representing genetically true tetraploids with four sets of homologous chromosomes because gynogenetic and androgenetic progeny were viable when created from the gametes of tetraploid individuals without any manipulation to duplicate chromosomes (Arai et al., 1991b (Arai et al., , 1993 (Arai et al., , 1995 . Higher polyploid loaches, such as pentaploids and hexaploids, have been produced by fertilization and manipulation strategies using diploid gametes from the natural tetraploid loach (Arai, 2001 (Arai, , 2003 Arai et al., 1999; Matsubara et al., 1995; Zhang and Arai, 1996) .
In a series of studies concerning ploidy manipulation with the loach as a model animal, a neo-tetraploid strain was produced by fertilizing eggs from a normally reproducing diploid female with diploid spermatozoa from a natural tetraploid male and subsequent pressure or temperature shock to inhibit release of the second polar body (Arai et al., 1991b; Zhang and Arai, 1996) . Such a neo-tetraploid strain may be different from the original natural tetraploid, and artificially induced tetraploids, because it includes two chromosome sets from a Japanese diploid female and two sets from an exotic tetraploid male. Mitochondrial DNA is transmitted from the bisexual diploid population in Japan. Thus, neo-tetraploidy is regarded not only as new lineage of tetraploids, but also a hybrid between diploid and tetraploid populations. In order to assess whether this new combination of nuclear genotypes and mitochondrial haplotypes causes alteration in reproductive performance in the neo-tetraploid, the present study aimed to examine fertility and ploidy status of gametes taken from the first generation of neo-tetraploid males. We then produced androgenetic diploid, triploid and tetraploid progeny using spermatozoa from neo-tetraploids to elucidate how this may assist in the further expansion of ploidy manipulation.
Reproductive capacity of these second generation progenies was also examined.
Materials and methods

First generation of neo-tetraploid loach
In June 2003, first generation neo-tetraploid fish were artificially induced by heat shock (42°C, 2 min duration) to inhibit second polar body extrusion 5 min after fertilizing eggs from a normal diploid female with sperm from a natural tetraploid male. For this manipulation, a mature female was caught during the spawning season in Kita, Iwamizawa city, central Hokkaido, Japan.
The natural tetraploid male used was a survivor of the tetraploid strain, which had been created by cross-breeding between tetraploid loaches, and was selected from specimens collected in the fish market (Arai, 2001 (Arai, , 2003 Arai et al., 1991a Arai et al., , b, 1993 Zhang and Arai, 1996) . Loaches from the wild population at Iwamizawa-city were reported to be genetically different from natural tetraploids based on control region sequences of the mitochondrial DNA (Morishima et al., 2008a) . Resultant putative neo-tetraploid progeny was reared until maturation in the aquarium center, Faculty of Fisheries Sciences, Hokkaido University, Hakodate city, Hokkaido, Japan. In the present study, we did not collect genomic samples from the parental natural tetraploid and wild type diploid individuals used to produce the first generation neo-tetraploid. Consequently, it was not possible to undertake further genetic studies using microsatellite and other DNA markers.
Production of second and third generation progenies
In order to produce second generation androgenetic diploid and triploid progeny using gametes from the first generation neo-tetraploid fish, mature bisexual diploid loaches were caught at a paddy-field of Ohno, Hokuto-city, Hokkaido, in June 2006. Most loaches in Hokuto-city were categorized to the same genetic group as those in Iwamizawa-city (Morishima et al., 2008a) .
Ovulation and spermiation of mature brood stock was induced by injection of hCG (human Chorionic Gonadtropin, Aska Pharmaceuticals, Tokyo) and normal fertilization was performed, as described previously (Fujimoto et al., 2004) . To induce androgenetic diploid progeny, mature eggs from the wild type female from Ohno, Hokuto-city were genetically inactivated by UV irradiation (150 mJ/cm 2 ) according to conditions previously optimized by Fujimoto et al. (2007) .
Irradiated eggs were then fertilized with spermatozoa taken from first generation neo-tetraploid males (#8 and #14). At the same time, triploid progeny were produced by fertilizing eggs from the same female with spermatozoa from neo-tetraploid males.
Second generation neo-tetraploid fish were produced in April 2008, by fertilizing eggs from wild type females from Kita, Iwamizawa-city with sperm from the first generation neo-tetraploid male (#16), followed by cold shock (1°C, 40 min duration) 5 min after fertilization.
Putative triploid progeny created by fertilizing eggs from the same wild type female with spermatozoa from the neo-tetraploid male were used as controls for each experiment.
In June 2007, normal eggs from wild type females were fertilized with sperm collected from the second generation androgenetic diploid males, which were produced in 2006. In August 2008, we tried to collect gametes from second generation triploids by hCG stimulation, and eggs obtained were fertilized with normal sperm from a wild type male from Kita, Iwamizawa-city.
In these mating experiments, embryos were incubated at 20°C and then reared post-hatching at 20 to 25°C.
Ploidy determination
DNA content was measured by flow cytometer (Ploidy Analyzer, Partec GmbH, Mϋnster, Germany) to estimate the ploidy status of larvae, somatic cells from the caudal fin, and testis, as described previously (Fujimoto et al., 2007) . Ploidy status was determined by comparing relative DNA content with the standard DNA content of somatic cells from a normal diploid loach (2.53 pg/N: Zhang and Arai 1996).
Histological analysis
Adult fish, with the abdominal cavity opened, were fixed in Bouin's fixative for 16 hours.
Fixed gonads were then removed from the fish and stored in 80% ethanol. Gonads were subsequently dehydrated with a graded butyl alcohol series and finally embedded in paraffin.
Serial sections were cut at 6-μm thickness and stained with hematoxylin-eosin according to standard procedures.
Results
Ploidy status of somatic cells and spermatozoa from the first generation neo-tetraploid loach
In May 2006, we used flow cytometry to examine the ploidy status of 17 three-year-old fish surviving as the first generation neo-tetraploid candidates. Fifteen survivors were tetraploid with twice the DNA content of somatic cells from the reference standard diploid loach sample (2.53 pg/N: Zhang and Arai, 1996). However, the remaining two fish exhibited mosaicism. In the mosaic individuals, one fish exhibited a large amount of tetraploid and a small amount of hypo-tetraploid cell populations, whilst the other fish exhibited a large amount of hypo-tetraploid and a small amount of hyper-tetraploid cell populations. Thus, maternally derived chromosomes were successfully duplicated by inhibiting the second polar body release from normal eggs fertilized with diploid spermatozoa from an original natural tetraploid male.
Eight of 15 neo-tetraploid survivors were identified as being male as indicated by the presence of sperm, but sex was not determined in the other seven fish. On the other hand, one of the two mosaic fish was identified as male due to the recovery of sperm following hCG injection.
Flow cytometry showed that the spermatozoa taken from these eight neo-tetraploid males and one mosaic male were diploid. In the remaining fish, sex could not be determined, owing to the lack of gamete production.
Production of second generation progeny from neo-tetraploid loach
In June 2006, diploid spermatozoa were obtained from two three-year-old neo-tetraploid males (#8 and #14). These fish exhibited vigorous sperm motility, as normally observed in normal haploid spermatozoa of diploid males following exposure to ambient water.
Developmental capacity shown by fertilization rates, hatching rate, frequencies of normal larvae and ploidy status of progeny in each cross are shown in Table 1 .
When the eggs of a normal diploid were fertilized with spermatozoa from a wild type diploid, 98.2% eggs were fertilized and 78.1% hatched. Resultant progeny were normal diploids.
However, when normal eggs were fertilized with spermatozoa from neo-tetraploid males (#8 and #14), similar fertilization rates (94.0 -96.6%) were observed, but hatching rates (59.5 -68.1%)
were notably reduced. In diploid female x neo-tetraploid male crosses, most resultant progeny were triploid with normal appearance. However, one unexpected tetraploid fish, and a mosaic fish possessing hyper-and hypo-triploid cell populations, appeared in the progeny of neo-tetraploid male #8.
When UV-irradiated eggs were fertilized with spermatozoa from a normal diploid, abnormal haploid embryos were evident upon hatched. When UV-irradiated eggs were fertilized with spermatozoa from neo-tetraploid males (#8 and #14), viable larvae hatched but the rates were much lower than those recorded in other crosses (33.3% and 5.1%). A large majority of these hatched larvae exhibited externally normal appearance (88.6 -90.0%) and diploidy was detected in the larvae by flow cytometry, indicating the successful induction of androgenetic diploid progeny without any treatment for chromosome duplication.
To produce second generation neo-tetraploid progenies, three experiments were conducted using cold shock to inhibit second polar body release and incorporating spermatozoa from the same neo-tetraploid male #16 and three diploid wild type females (Table 2) . At the same time, diploids (control groups) and second generation neo-triploids were produced. In all experiments, control-2n groups (2n female x 2n male) produced 44.9 -62.4% hatching rates and 86.8 -98.8% normal larvae, 13 of which were tested and identified to be diploid. In fertilization experiments with spermatozoa from the neo-tetraploid, larvae in Exp. 1 and Exp. 3 experiments were produced at hatching with rates of 78.9% and 30.1%, respectively. Furthermore, only triploid progenies were detected by flow cytometry. In Exp. 2, most eggs did not hatch. In Exp. 1, the percentage of hatching and normal larvae created in the experimental group was reduced when compared with the control groups. Of the survivors, four unexpected diploid fish and one tetraploid fish were identified. In Exp. 3, the experimental group exhibited a relatively high percentage of hatching with normal larvae and the ploidy of resultant progeny was verified to be tetraploid by flow cytometry.
Reproductive capacity of second generation androgenetic diploid progeny from neo-tetraploid loach
Sixteen second-generation androgenetic diploids developed from diploid spermatozoa from neo-tetraploid (#8) and approximately one-year-old survivors showed secondary sex characteristics that were specific to males. No female androgenotes were identified in this experiment. Five androgenetic diploid males (Andro-2n #1-5) were used to examine reproductive capacity (Table 3 ). In fertilization experiments using spermatozoa from androgenetic diploids, four (Andro-2n #2-5) generated a few larvae due to very low fertilization rates (0.5-19.4%), but andro-2n #1 yielded no fertilized eggs. Most third-generation progeny were diploid, but a few unexpected triploids were identified (Table 3) .
In April 2009, histological analysis revealed that a small number of spermatozoa were observed in the testes of the four males exhibiting fertility (Fig. 1B) , when compared with a normal diploid whose testes were occupied by a large number of spermatozoa (Fig. 1A) . On the other hand, an infertile second generation androgenetic male #1 possessed a tube-like gonad but without evidence of any germ cells.
Reproductive capacity of second generation triploid progeny from neo-tetraploid loach
In August 2008, 23 triploids (22 males and one female) derived from #8 neo-tetraploid male and 12 further triploids (11 males and one female) from #14, were examined for reproductive capacity by gentle squeezing the abdomen following the injection of hCG. Somatic ploidy status was judged as being triploid by flow cytometry analysis. All males produced a small quantity of sperm, including cells without motility. Ploidy status of these sperm cells could be detected in 13 males, but the other 20 males did not provide sufficient sperm cells for ploidy analysis. Triploid cells were detected in four of 13 males, hexaploid cells were detected in seven males and both triploid and hexaploid cells were detected in two males.
In April 2009, we analysed the histological structure and ploidy status of testicular cells from three second-generation triploid fish derived from #16 neo-tetraploid male.
Spermatogenesis had progressed in these testes as shown by the presence of type A and type B spermatogonia, and primary spermatocytes undergoing meiosis (Fig.1C) . However, spermatozoa and spermatids were not observed.
In normal wild type males with diploid somatic cells ( Fig. 2A) , only haploid cell populations corresponding to spermatozoa were detected in the testis (Fig. 2D) . In triploid males, ploidy status of somatic cells was verified as being triploid (Fig. 2B) , while testicular cells were comprised of both triploid and hexaploid cell populations (Fig. 2E ).
In contrast, eggs laid by one of the two triploid females were able to develop normally after fertilization with spermatozoa from a wild type male. One hundred and eighty seven (23.3%) of the total number of eggs used (801 eggs) hatched normally. Flow cytometry revealed that 47 normal larvae out of 49 samples were diploid, but the other two larvae were haploid-triploid mosaic and aneuploid, revealing cells of intermediate value between haploid and diploid.
Although another female laid eggs, no fertilized eggs were obtained because her eggs were apparently over-ripe.
Reproductive capacity of second generation tetraploid progeny from neo-tetraploid loach
Seven one-year-old males from the second-generation tetraploid loach derived from #16 neo-tetraploid male were used to examine reproductive capacity. No mature females were present among the survivors. When stimulated by hCG, the males produced a small quantity of sperm, but no motile spermatozoa were evident.
In the testes of these second-generation neo-tetraploid males, we identified type A and type B spermatogonia, and primary spermatocytes, but spermatozoa and spermatids were not found (Fig.1D) .
The somatic cells of these neo-tetraploids were tetraploid (Fig. 2C ). Tetraploid and octaploid cell populations were detected by flow cytometry in sperm samples from five males and only octaploid cell populations were found in sperm of the two males. Flow cytometry of testicular cells from the other two neo-tetraploid males, collected two months later, also exhibited tetraploid and octaploid cell populations (Fig. 2F ).
Discussion
When eggs of wild type females were fertilized with sperm of neo-tetraploid males, triploid progeny were produced. Fertilization of UV-irradiated eggs from wild type female with sperm of neo-tetraploid males yielded viable androgenetic diploid progeny. These results indicate that first-generation neo-tetraploid males generate viable diploid spermatozoa and their reproductive capacity is similar to that seen in the original natural tetraploid loach that reproduces bisexually (Arai et al., 1991b (Arai et al., , 1993 (Arai et al., , 1995 . Unfortunately, reproductive capacity of neo-tetraploid females remains unknown at present.
Only males were found in the androgenetic diploid progeny. A much higher frequency of males (female:male = 1:22 or 1:11) was observed in the triploid progeny of neo-tetraploid males.
These results suggest that spermatozoa from neo-tetraploid males might carry male-determinant gene(s). Since artificially induced gynogenetic diploids were almost all-female, the sex determination system was elucidated as being male heterogametic (XX female, XY male) in the loach (Suzuki et al., 1985) . Furthermore, Arai et al. (1999) reported normal sex ratios (female:male = 1:1) in a natural tetraploid strain and suggested that the genotype of the natural tetraploid male was XXXY and likely to generate a balanced (normal; 1 female : 1 male) sex ratio by fertilizing eggs with a XXXX genotype. However, if our first-generation natural tetraploid has an XXYY genotype and produces much more XY-and YY-spermatozoa than XX-spermatozoa, then an unbalanced sex ratio skewed towards a male population can be achieved in triploid progeny. However, it is difficult to explain the occurrence of all-male androgenotes by this hypothesis. Thus, at present, we cannot propose any conclusive mechanism responsible for the observed deviation from a balanced 1:1 sex ratio in triploid and androgenetic progeny of neo-tetraploid males. One other possible explanation for the skewed sex ratio may be female to male sex reversal by environmental factors. In the loach, higher temperature during the period of sexual differentiation is reported to induce many more males (Nomura et al., 1998) .
In the present study, triploid males were sterile, but one of two females generated fertile haploid eggs. Identification of fertile females but sterile males arising from triploid progeny of neo-tetraploid loach represent a differing scenario from the situation in artificially induced triploid fish, which normally exhibit retarded oogenesis in the female and formation of a small quantity of aneuploid spermatozoa in the male (Arai, 2001; Arai and Inamori, 1999; Zhang and Arai, 1999b) . However, reproductive characteristics of triploid progeny arising from neo-tetraploids were similar to those reported in other types of triploid loaches, such as triploid individuals created by cross-fertilization between diploid and natural tetraploids (Arai and Mukaino, 1997 Mukaino, , 1998 Matsubara et al., 1995; Zhang et al., 1998) , those occurring via the fertilization of unreduced eggs from diploid females in nature (Zhang and Arai, 1999a), and those derived from clonal diploid eggs by the accidental incorporation of a sperm nucleus (Morishima et al., 2008b; Oshima et al., 2005; Yoshikawa et al., 2007) . All of the above-mentioned triploid females usually produce a large number of haploid eggs together with a small number of triploid eggs (Arai and Mukaino, 1997 Mukaino, , 1998 Matsubara et al., 1995; Morishima et al., 2008b; Oshima et al., 2005; Yoshikawa et al., 2007; Zhang and Arai, 1999a; Zhang et al., 1998) . Haploid eggs are likely to be produced by meiotic hybridogenesis, i.e., synapsis between two chromosomes that are more homologous and the elimination of the exotic haploid set (Arai and Mukaino, 1998; Morishima et al., 2008b) . Thus, formation of haploid eggs in triploid progeny arising from neo-tetraploid loach may be, in part, similar to the reproductive strategy of the above mentioned triploids.
Triploid progeny arising from the neo-tetraploid males did not produce fertile spermatozoa.
Sterility in these triploid males is similar to the reproductive capacity of the above mentioned natural triploid loaches. In the testes of normal diploid males, we used flow cytometry to detect a haploid cell population, corresponding to spermatids and/or spermatozoa, which were confirmed histologically. On the other hand, both triploid and/or hexaploid cell populations were found in testes from the neo-triploid. Neither spermatids nor spermatozoa were histologically detected in the testis, but spermatogonia and spermatocytes occupied a large part of the testis. Second-generation progeny from neo-tetraploids were successfully produced by inhibition of second polar body release after cross-fertilization between a diploid wild type female and sperm from a first generation neo-tetraploid male, but unexpected diploid progeny were detected for unknown reasons. Although fertility is expected in second-generation neo-tetraploid progeny, seven second-generation males examined did not generate fertile spermatozoa and thus a neo-tetraploid strain remains difficult to establish at present. Flow cytometric and histological observation did not detect spermatids and spermatozoa, as already reported for triploid progeny.
On the other hand, four out of five second-generation androgenetic diploid males generated a small amount of fertile haploid sperm and third-generation diploid progeny were produced by fertilization of normal eggs with sperm from androgenotes. The results obtained using androgenetic diploids suggest that some androgenotes might have two normal sets of homologous chromosomes that are able to pair and then undergo regular meiotic divisions for spermatogenesis.
In some fertile androgenetic diploids, two sets of chromosomes transmitted from paternal neo-teraploids were able to pair to form bivalents and segregate in a regular meiotic manner in order to form haploid spermatozoa. The other sterile androgenotes are likely to have homoeologous chromosomes from neo-tetraploid males, which are difficult to pair and make bivalents and then segregate gametes. Reproductive capacity is presumably dependent on the pairing of homologous chromosomes transmitted from neo-tetraploids.
In the second-generation neo-tetraploids, infertility can be explained not only by pairing capacity between chromosomes from the neo-tetraploid, but also that between maternally derived chromosomes from wild type and paternally derived chromosomes transmitted from neo-tetraploid males. In most second-generation tetraploid progeny, four chromosomes (two homologous chromosomes from the diploid and a further two homoeologous chromosomes from the tetraploid), may experience difficulty to pair and then segregate in the meiotic process and subsequent gametogenesis. Failure of the normal chromosome pairing process may give rise to sterility in the second-generation neo-tetraploid progeny.
Consequently, reproductive capacity of the resultant progeny from neo-tetraploid males may be determined by pairing capacity between two chromosomes transmitted from the ancestral produced by fertilization with spermatozoa from second generation androgenetic diploid males produced using spermatozoa from a first generation neo-tetraploid male. In controls, most larvae (10/12) were diploid, but spontaneous triploids (2/12) also appeared. In Exp. no. 2-5, 2n female x andro-2n male crosses, most survivors were diploid. 
